The toxicity of beryllium and aluminium as well as the need for sensitive and selective methods for determining these elements are well documented. Several instrumental methods for determination of beryllium and aluminium by spectrophotometry, 1-3 spectrofluorimetry, 4-7 flame atomic absorption spectrometry (AAS), 8 graphite furnace atomic absorption spectrometry (GFAAS), 9 and inductively coupled plasma atomic emission spectrometry (ICP-AES) 10 have been reported. The complexes of Be(II) and Al(III) with Chrome Azurol S (CAS) have been proposed for the spectrophotometric determination of both the elements individually. 11, 12 Simultaneous determination of Al(III) and Be(II) was also reported. [13] [14] [15] Capitán et al. 13 determined Al(III) and Be(II) in mixtures in the range of 0.5 -5.0 ng mL -1 for both the cations, by first-derivative synchronous solid-phase spectrofluorometry, based on their complexes with morine.
Introduction
The toxicity of beryllium and aluminium as well as the need for sensitive and selective methods for determining these elements are well documented. Several instrumental methods for determination of beryllium and aluminium by spectrophotometry, [1] [2] [3] spectrofluorimetry, [4] [5] [6] [7] flame atomic absorption spectrometry (AAS), 8 graphite furnace atomic absorption spectrometry (GFAAS), 9 and inductively coupled plasma atomic emission spectrometry (ICP-AES) 10 have been reported. The complexes of Be(II) and Al(III) with Chrome Azurol S (CAS) have been proposed for the spectrophotometric determination of both the elements individually. 11, 12 Simultaneous determination of Al(III) and Be(II) was also reported. [13] [14] [15] Capitán et al. 13 determined Al(III) and Be(II) in mixtures in the range of 0.5 -5.0 ng mL -1 for both the cations, by first-derivative synchronous solid-phase spectrofluorometry, based on their complexes with morine.
A derivative spectrophotometric method for simultaneous determination of Al(III) and Be(II) in the ranges of 108.0 -1080.0 ng mL -1 and 36.0 -360.0 ng mL -1 , respectively, was reported based on their complexes with 5,8-dihydroxy-1,4-naphthoquinone. 14 Valencia et al. 15 reported a method for simultaneous determination of Al(III) and Be(II) by first derivative solid phase spectrophotometric method based on their complexes with Eriochrome Cyanine R. The application range was up to 60 ng mL -1 for aluminium and up to 4.0 ng mL -1 for beryllium.
H-point standard addition method (HPSAM) is a suitable method for resolving mixtures of substances with overlapping spectra. [16] [17] [18] [19] [20] The greatest advantage of HPSAM is that it can remove the errors resulting from the presence of an interference and reagent blank. 16 HPSAM can determine the two components simultaneously with extensively or even coincident overlapping spectra. 18 The Bosch-Reig et al. 21 method was aimed at establishing the fundamentals for application of the HPSAM to kinetic data for the simultaneous analysis of binary mixtures or the calculation of analyte concentrations completely free from bias error. For this purpose, they used two variants of the HPSAM: one is applied when the reaction of one component is faster than that of the other or the latter does not take place at all. This variant of the method is based on the assumption that only analyte X evolves with time and that the other species or interferents do not affect the analytical signal with time. In this case the variables to be fixed are two times t1 and t2 at which the species Y, which does not evolve with time or over the range between these times, should have the same absorbance. The other variant of the method is used when the rate constants of the two components are time-dependent. In this case, the two species in a mixture, X and Y, both evolve with time.
In this paper, we describe a rapid, simple, precise and accurate method for the simultaneous determination of beryllium and aluminium by spectrophotometric H-point standard addition method. This method is based on the difference in the kinetic behavior of the complexation reactions of Al 3+ and Be 2+ with CAS in cetyltrimethylammonium bromide (CTAB) micellar media.
Experimental

Apparatus
A Shimadzu Model 3101PC UV-visible recording spectrophotometer with 1-cm glass cells was used for absorbance measurements.
Reagents
Triply distilled water and analytical-reagent grade chemicals were used. A standard solution of beryllium (1000 µg mL -1 ) was prepared by dissolving 1.9640 g of beryllium sulfate (BeSO4·4H2O) in water containing 1 mL of concentrated HCl and diluting to the mark with water in a 100-mL volumetric flask. A standard solution of aluminium (1000 µg mL -1 ) was prepared by dissolving 1.2361 g of AlCl3 in 1 mol L -1 HCl and diluting to the mark in a 250-mL volumetric flask. A 0.017 mol L -1 CTAB solution was prepared by dissolving 0.05 g CTAB in water and diluting to the mark in a 100-mL volumetric flask. A 0.04 mol L -1 CAS solution was prepared by dissolving 0.02 g CAS in the water and diluting to the mark in a 100-mL volumetric flask. A buffer solution of pH 5.0 was prepared by mixing 250 mL 10% hexamine solution with 45 mL 2 mol L -1 HCl. The buffer is not very stable and so we prepared it daily.
Procedure
Appropriate volumes of beryllium and aluminium standard solutions and 1 mL of 0.017 mol L -1 CTAB and 1 mL of pH 5.0 buffer solution were added into a 10-mL volumetric flask. The solution was diluted to ca. 9 mL with water; then 1 mL of 0.04 mol L -1 CAS solution was added to initiate the reaction. A stopwatch was started just after the addition of the CAS solution. The solution was diluted to the mark and a portion of it was transferred into a 1-cm glass cell to measure the absorbance change with time at 600 nm. Synthetic samples containing different concentrations of beryllium and aluminium standard solutions were prepared, and standard addition of beryllium (up to 50 ng mL -1 ) was made. Simultaneous determination of beryllium and aluminium standard solutions, with HPSAM was performed by measuring the absorbances at 100 s and 300 s after initiation of reactions for each sample solution. Beryllium and aluminium standard solutions can be determined simultaneously with the concentration ranges 10 -200 and 10 -300 ng mL -1 , respectively. The procedure was repeated for several mixtures to show application of the method.
Simultaneous determination of Be(II) and Al(III) in a sample of beryl
Sample dissolution was carried out by the procedure reported previously. 9 An exactly weighed amount of dried beryl (0.1 g) was fused with 1 g of Na2O2 at 600˚C for 15 min; after cooling and hot extraction with 50 mL H2O, 20 mL concentrated HNO3 was added and the solution was diluted to 1 L with water. A 1 mL portion of the solution was transferred into a 100-mL volumetric flask, followed by 20 mg ascorbic acid and 4 mL 1% EDTA solution. After 5 min, 10 mL of 0.017 mol L -1 CTAB and 10 mL pH 5.0 buffer solution were added into a volumetric flask. The solution was diluted to ca. 90 mL with water, then, 10 mL of 0.04 mol L -1 CAS solution was added to initiate the reaction.
Simultaneous determination of beryllium and aluminium with HPSAM was performed as described in the "Procedure" section.
Results and Discussion
CAS forms colored complexes with Be(II) and Al(III) ions. The presence of a large excess amount of a cationic surfactant, such as CTAB, causes a considerable increase in the sensitivity of the determination of Be(III) and Al(III) ions. The increase in the sensitivity of the determination is due to the formation of ternary complexes between metal ions, CAS and CTAB, which have molar absorptivities greater than those of binary complexes (in the absence of surfactant). 22 As Fig. 1 shows, the spectra of the complexes are similar, and each compound interferes in the spectrophotometric determination of the other. We observed that the complexation reaction of Al 3+ with CAS in CTAB micellar media was very much faster than that of Be 2+ in the same conditions. Figure 2 shows the absorbance-time graph for the reaction of Al 3+ and Be 2+ with CAS in CTAB micellar media. As one can observe from Fig. 2 , the reaction of aluminium was completed after 100 s, while the reaction of beryllium with CAS in the same conditions was not completed even at 300 s after initiation of the reaction. This difference in the kinetic behavior could be used for simultaneous kinetic determination of Al 3+ and Be 2+ by spectrophotometric HPSAM. The reactions could be monitored spectrophotometrically by measuring the change in the absorbance of the solutions at 600 nm.
Effect of variables
To take full advantages of the procedure, one must optimize the reagent concentrations and the reaction conditions. Various experimental parameters were studied in order to obtain an optimized system. The parameters were optimized by studying their effects on the reaction of CAS with the mixture of beryllium and aluminium in the solution.
The effect of CAS concentration on the rate of the reactions was studied over the range 2.0 × 10 -4 -8 × 10 -3 mol L -1 . The absorbance change for a mixture of beryllium-aluminium increased by increasing the CAS concentration up to 3.5 × 10 -3 mol L -1 and remained nearly constant at higher concentrations; therefore, a 4.0 × 10 -3 mol L -1 CAS concentration was selected as the optimum concentration.
The effect of CTAB concentration on the rate of the reactions was studied in the range 0.00 -4.0 × 10 -3 mol L -1 . The results showed that the absorbance change for a mixture of berylliumaluminium increased by increasing CTAB concentration up to 1.5 × 10 -3 mol L -1 and decreased at higher concentrations; therefore, a 1.7 × 10 -3 mol L -1 CTAB concentration was selected as the optimum concentration.
The effect of pH on the rate of the reactions was studied in the range 1.0 -9.0. The absorbance change for the mixture of beryllium-aluminium increased by increasing pH to 5.0 and decreased at higher pHs; therefore, a pH of 5.0 was selected as the optimum pH. It has been reported that the absorbance of the beryllium complex decreases by increasing buffer concentration. In the presence of hexamine only a small decrease in the sensitivity is observed. 22 Therefore, a buffer solution of pH 5 was used for pH adjustment.
The effect of temperature on the reactions was studied over the range 15 -80˚C. The absorbance change for mixtures of beryllium-aluminium remained constant while increasing temperature up to 30˚C and decreased at higher temperature; therefore a temperature of 30˚C was selected as the optimum temperature.
Applying HPSAM
The rate of complex formation between CAS and Al 3+ is faster than that of CAS and Be 2+ . Figure 2 shows the possible applicability of HPSAM for the simultaneous determination of Al 3+ and Be 2+ by the proposed method. In this case, the variable to be fixed was the times 100 s and 300 s at which the product of the reaction of Al 3+ have the same absorbance over the range between these two times and there is also an appropriate difference between the slopes of the calibration lines.
The absorbances corresponding to Be 2+ at 600 nm and at two selected times 100 and 300 s, are bi and Ai, respectively (see Fig. 2 ), while those of the Al 3+ under the same conditions are b and A′. b and A′ are equal because of the fast kinetics of complex formation between CAS and Al 3+ . The following equations show the relation between them: 21 for Be 2+ Ai = bi + mitj (100 ≤ tj ≤ 300; i = 0,1,...,n) (1) for Al
where the subscripts i and j denote the different solutions for n additions of the beryllium concentration prepared to apply the HPSAM and for a time in the 100 -300 s range, respectively. Thus, the overall absorbance corresponding to berylliumaluminium mixture at 100 and 300 s were A100 = b0 + bi and A300 = A′ + Ai, respectively.
Application of the HPSAM at the two aforesaid times gives
These intersect at point H (-CH, AH) ≡ (-Cberyllium, Aaluminium) (Fig.  3) . At the intersection,
Hence -CH = .
A′ and b are equal because of the fast reaction between aluminium and CAS; hence -CH = .
This is equivalent to the existing Cberyllium (= b0/M100 = A0/M300). Substitution of Caluminium into Eq. (3) yields AH = b and the overall equation for the absorbance at H-point simplifies to
The intercept of the straight lines represented by Eqs. (3) and (4) would thus directly yield the unknown beryllium concentration (Cberyllium) and the analytical signal of species aluminium (Aaluminium) corresponding to 100 s and 300 s in the original samples. The concentration of aluminium was calculated from
this analytical signal from a calibration graph (Table 1) . Hence, the AH value is only related to the signal of the interferent Y at the two selected times. To evaluate the interferent concentration from the ordinate value of the H-point (AH), a calibration graph or the absorbance value of an interferent standard is needed.
According to the above discussion at H-point, CH is independent from the concentration of interferent, and so AH is also independent from the analyte concentration. Figures 4a  and 4b clearly show the effect of changes in concentration of analyte and interferent on the position of H-point.
According to the theory of the proposed method, the absorbance values for the different mixtures of berylliumaluminium solutions were measured at 100 s and 300 s. A summary of the obtained results for the various analyte concentrations is given in Table 2 . The concentration was calculated directly by solving the system of equations of two straight lines. The aluminium concentrations were calculated from the absorbance values (AH) obtained from the solution of the cited system of equations.
Accuracy and precision of the method
Under the optimum conditions, simultaneous determination of different binary mixtures of beryllium-aluminium were made using HPSAM. As Table 2 shows, the accuracy of the results is satisfactory when the concentration of beryllium and aluminium varies between 10 -200 and 10 -300 ng mL -1 , respectively. To check the reproducibility of the method, we performed four replicate experiments and the relative standard deviation (RSD) was obtained for the mixtures. The results are given in Table 3 . The precision of the results is satisfactory.
Selectivity
To study the selectivity of the proposed method, we tested the effect of various ions on the determination of a mixture of 80 ng mL -1 beryllium and 80 ng mL -1 aluminium under the optimum conditions. The results are summarized in Table 4 . The tolerance limit was defined as the concentration of added ion that caused Found/ ng mL less than ±3% relative error. As Table 4 shows most of the investigated cations and anions did not interfere even when present in more than 6000-fold excess over Al(III) and Be(II) concentration. The Cd 2+ , Co 2+ , Cu 2+ , Mn 2+ , Fe 2+ , Pb 2+ , Zn 2+ , V(IV), Mo(VI), Zr(IV), Fe(III) and V(V) interfered at 10 µg mL -1 . The interfering effects of Cd 2+ , Co 2+ , Cu 2+ , Mn 2+ , Fe 2+ , Pb 2+ , Zn 2+ , V(IV), Mo(VI) and Zr(IV) up to 100 µg mL -1 were completely removed by the addition of 0.4 mL 1% EDTA solution. The interfering effect of Fe(III) and V(V) up to 100 µg mL -1 were completely removed by the addition of ascorbic acid to the solution.
Application
To evaluate the applicability of the proposed methods, we applied them to the simultaneous determination of beryllium and aluminium in drinking and river waters and several alloys and mineral samples. The waters tested were found to be free from beryllium and aluminium; and thus, synthetic samples were prepared by adding known amounts of beryllium and aluminium to the water samples. Also, several synthetic samples prepared having the composition of some alloys 24 and one sample of beryl were analyzed. The results are given in Table 5 . The recoveries are close to 100%, indicating that there is no serious interference in such samples. The good agreement between these results and known values indicate the successful applicability of the proposed methods for simultaneous determination of beryllium and aluminium.
The HPSAM could be used for simultaneous determination of beryllium and aluminium. Simultaneous determination of beryllium and aluminium by the proposed method is based on their complexes with CAS in micellar media. The proposed method offers good selectivity, accuracy and precision; it can be applied for a wide range of beryllium and aluminium concentration. Comparison of this method with the existing methods indicates that the proposed method provides a wider dynamic range 13, 15 and lower limits of detection. 14 Table 5 Determination of beryllium and aluminium ion mixtures in different samples using HPSAM 
